Double optical gating of high-harmonic generation was used to obtain supercontinuous spectra in the extreme UV (XUV) region including the water window. The spectra supported a 16 as pulse duration that is below one atomic unit of time ͑24 as͒. The dependence of the gated spectra on the carrier-envelope phase of the laser provided evidence that isolated attosecond pulses were generated. In addition, to ensure the temporal coherence of the XUV light, the pulse shape and phase of isolated 107 as XUV pulses using a portion of the spectrum were characterized by attosecond streaking. © 2009 Optical Society of America OCIS codes: 320.7090, 020.2649.
The characteristic time scale for electron motion is the atomic unit of time, which is 24 as. The generation of isolated pulses with such a pulse duration will have a profound impact on the study of electron dynamics. At the present time, the shortest pulses generated are 80 as with 8% satellite pulses, which were generated with linearly polarized 3.6 fs lasers [1] . Even shorter driving lasers are required for generating 24 as pulses with this approach, which is extremely challenging considering that the laser is already close to the one-optical-cycle limit of 2.5 fs for Ti:sapphire lasers. Another method to produce supercontinuous spectra is polarization gating; 130 as pulses were generated from 5 fs lasers [2] . However, because of depletion of the ground state population of the target gas by the circularly polarized leading edge, polarization gating also required short driving laser pulses [3] .
A spectrum with 75 eV FWHM is needed to support a 24 as Gaussian pulse. Thus, the harmonics cutoff should be extended to the short-wavelength region. More than ten years ago, harmonics had already reached the water window region between 2 and 4 nm [4, 5] . However, in those cases, the spectra corresponded to attosecond pulse trains. Previously, the double optical gating (DOG) technique for generating isolated attosecond pulses with multicycle lasers was demonstrated, combining polarization gating and two-color gating [6, 7] . The advantage is reduced depletion of the ground state population by the leading edge of the field [8] . Here, to generate pulses shorter than one atomic unit of time, DOG was implemented with a higher driving laser intensity to extend the width of the extreme UV (XUV) continuum spectra.
A Ti:sapphire amplifier followed by a hollow-core fiber compressor produced 8 fs, 0.8 mJ pulses centered at 790 nm at 1 kHz with carrier-envelope (CE) phase stabilization [9] . The DOG was constructed by two birefringent quartz plates and a BBO ͑␤-BaB 2 O 4 ͒crystal [10] . The first quartz plate had a thickness of 270 m. The second quartz plate and the BBO had thicknesses of 440 and 140 m, respectively. The estimated polarization gate width is ϳ2.5 fs, equal to nearly one optical cycle. The estimated pulse duration of the second-harmonic pulse was 20 fs with an energy of 80 J [11] . A spherical mirror with a 125 mm focal length was used to focus the laser beam onto a cell filled with neon gas with backing pressure of 600 hPa. The cell was a glass tube with inner diameter of 1.4 mm. The spot sizes of the IR and the second-harmonic beams were 10 and 8 m, respectively. The estimated peak intensity with DOG was 1.4ϫ 10 16 W/cm 2 at the focal point. The gas cell was located ϳ1 mm after the focal point for phase matching.
The generated XUV beam passed through a 500 m hole located 200 mm after the gas cell to reduce the fundamental beam because of its larger divergence angle as compared with the XUV beam. The spectra were dispersed with two types of transmission grating with different groove densities [12] . The 2000 lines/ mm grating can observe wavelengths from 15 to 45 nm with a diffraction efficiency of nearly 4% and resolution of 0.013 nm at 15 nm. The 5000 lines/ mm grating corresponded to wavelengths below 15 nm with an efficiency of nearly 1.5%. The resolution is 0.05 nm at 2 nm. The spectral images were captured by a microchannel plate imaging detector with a phosphor screen and a cooled CCD camera.
Figure 1(a) shows the high-order harmonic spectra from DOG and linearly polarized pulses. The spectra above and below 15 nm were measured with the 2000 and 5000 lines/ mm gratings, respectively. The acceptance angle of the spectrometer was smaller than the beam divergence angle in the vertical direction, thereby clipping the spectrum. To obtain good statistics, spectra from 100,000 laser shots were integrated for each image. Figure 1(b) shows the spatially integrated spectra. The spectrometer measurement cannot directly indicate whether the continuum spectrum below 8 nm was due to the limited spectral resolution. However, because the harmonic yield depends more strongly on the ellipticity of the laser for the higher harmonic orders, the polarization gate width is reduced as the order increases. Thus it is reasonable to believe that the spectrum near the cutoff is continuous when the lower-order plateau harmonics also merged to a continuum as a result of the gating. The entire bandwidth is 2-45 nm (28-620 eV with ϳ170 eV FWHM). Figure 1(c) shows the Fourier-transform-limited pulse corresponding to the continuous spectrum assuming flat phase. The spectrum supports isolated 16 as pulses, which is below one atomic unit of time.
To ensure that the signal near the cutoff is from XUV light, a boron filter with thickness of 200 nm was placed between the source and the spectrometer. The spectrographs taken with and without the filter are shown in Figs. 2(a) and 2(b) , respectively. The line spectra are shown in Fig. 2(c) . The sharp absorption edge at 6.6 nm of boron can be clearly seen [13] , which serves as wavelength calibration while also confirming that the signal was indeed from XUV, not scattered laser light. The cutoff was 2 nm, which is well within the water window.
The spectrum intensity changes periodically with the CE phase as shown in Fig. 3 . The 2 periodicity is evidence of DOG [6] . This is caused by the shift of the driving laser field inside the polarization gate as the CE phase is varied [8] . The results indicate that DOG works for the entire spectral region, which is evidence of the single-cycle gate width, while the spectra support isolated attosecond pulses including the water window range.
To ensure the temporal coherence of the harmonics, we used the method of complete reconstruction of attosecond bursts (CRAB) based an attosecond streaking [7, 14] . The optical configuration is described in [15] . The XUV beam generated in neon gas passed through an aluminum filter (300 nm thickness). The XUV beam was focused by a Mo/ Si mirror with a reflection bandwidth of 19-35 nm and reflectivity of ϳ8% [16] . An annular silver coated mirror was used to focus the streaking IR beam. A neon-gasfilled jet was placed at the beam focus. The photoelectrons were measured by a time-of-flight spectrometer.
Figures 4(a) and 4(b) show the measured and the reconstructed CRAB traces, respectively. The attosec- ond pulse was reconstructed by using a blind iterative algorithm, PCGPA [17] . The reconstructed temporal profile and phase show a 107 as pulse duration as shown in Fig. 4(c) . The prepulses and postpulses are suppressed to less than a 1% contribution. In addition, the measured and the reconstructed harmonic spectra agree well, as shown in Fig. 4(d) . At this time the pulse duration was limited by the bandwidth of the Mo/ Si mirror and the residual pulse dispersion. However, although only a portion of the spectrum was used, the coherence of the harmonics was not destroyed. Thus, isolated attosecond pulses in the water window region could be generated.
In conclusion, we generated XUV supercontinuous spectrum with a bandwidth from 2 to 45 nm (28-620 eV) by implementing DOG. The spectra are capable of supporting 16 as pulses, which are shorter than one atomic unit of time. Of course, many issues will have to be resolved, such as compensating the chirp [18] . The CE phase dependence of the spectra including the water window range with 2 periodicity was observed for the first time (to our knowledge), which indicates that DOG works for the entire spectral region and supports single attosecond pulses. In addition, the measurement of the isolated 107 as pulse confirms the coherence of the XUV light. The pulses covering the water window may also be used to image live biological samples with a time resolution much higher than the synchrotron sources.
